This work discusses the clinical performance of chromogranin A, free metanephrine and normetanephrine determination in plasma using a radioimmunoanalytical methods for the diagnosis of pheochromocytoma and paraganglioma. Blood samples were collected from 55 patients (46 pheochromocytomas, 9 paragangliomas). A sampling of biological materials was performed preoperatively and about one week, six months and one year after adrenal gland surgery. The comparative group without a diagnosis of pheochromocytoma/paraganglioma consisted of 36 pheochromocytoma/paraganglioma patients more than 4 months after adrenal gland surgery, and of 87 patients, 16 of them with multiple endocrine neoplasia, 9 with medullary and 5 with parafolicullar carcinoma of the thyroid gland. The rest were patients with various adrenal gland disorders. Chromogranin A, metanephrine and normetanephrine were determined in the EDTA-plasma using a radioimmunoassay kits Cisbio Bioassays, France and IBL International GmbH, Germany. Clinical sensitivity was 96 % for the combination of metanephrine and normetanephrine, and 93 % for chromogranin A. Clinical specificity was 100 % for the combination metanephrine and normetanephrine, and 96 % for chromogranin A. Falsely elevated levels of chromogranin A were observed in 1 patient with chronic renal insufficiency and 9 analyses were influenced by the administration of proton pump inhibitors. These results were excluded of CGA specificity. Both the combination of plasma free metanephrine, normetanephrine and chromogranin A as determined by radioimmunoassays, which are simple without the necessity of special laboratory material, are effective markers of pheochromocytoma or paraganglioma. Chromogranin A exerts association to malignity and all markers are associated with tumor mass.
Introduction
Pheochromocytoma (PHEO) or paraganglioma (PGL) are rare tumors associated with neuroendocrine chromaffin cells usually found in the adrenal medulla and other ganglia of the nervous system (Tischler 2006) . https: //doi.org/10.33549/physiolres.933719 S398 Bílek et al. Vol. 66 PHEO is a tumor arising from adrenomedullary chromaffin cells that commonly produces catecholamines. PGL is a tumor derived from extraadrenal chromaffin cells of the sympathetic paravertebral ganglia (thorax, abdomen, pelvis) producing catecholamines or parasympathetic ganglia located in the neck and at the base of the skull, which do not produce catecholamines . The adrenal tumor localization is usually found in 80-85 % of patients, and extra-adrenal sympathetic and parasympathetic PGL are observed in 10-20 % patients (Chen et al. 2010 , van Berkel et al. 2014 . In this study we have used PPGL as a general term for both PHEO and PGL. Approximately 10 % of the PHEOs and 20 % of the PGLs are malignant with poor survival (Andersen et al. 2011) . Up to 30 % of PPGL patients have recognizable germline mutations including multiple endocrine neoplasia type 2A (MEN2A) or 2B (MEN2B), von Recklinghausen neurofibromatosis type 1 (NF1), von Hippel-Lindau syndrome (VHL), and succinate dehydrogenase complex -subunits A, B, C, D (SDHx) syndrome (Mazzaglia 2012). Since 1990, 14 different PPGL susceptibility genes have been reported . Mainly mutations in the tumor suppressor gene Von Hippel-Lindau (VHL) and the mitochondrial succinate dehydrogenase enzyme complex subunit B (SDHB) are associated with malignancy (Andersen et al. 2011) .
The genetic syndromes commonly associated with PPGLs are based on the extra-adrenal PGLs with noradrenergic phenotype of VHL and SDHx. The biosynthesis of the enzyme phenylethanolamine-Nmethyltransferase converting norepinephrine to epinephrine is downregulated at both mRNA and protein level in sympathetic or parasympathetic paragangliomas (Grouzmann et al. 2015) . Increased production of norepinephrine results in an elevated concentration of normetanephrine (NMN) in circulation. The epinephrine and metanephrine (MN) are usually within the normal reference range. The adrenal adrenergic phenotype is characteristic for MEN2A, MEN2B and for NF1. This phenotype is typical with an elevated concentration of epinephrine and secondary metanephrine with varying amounts of norepinephrine and normetanephrine in the circulation , van Berkel et al. 2014 . A lack of catechol O-methyltransferase in sympathetic nerves, the major site of initial norepinephrine metabolism, means that the O-methylated metabolites are relatively specific markers of chromaffin tumors. These metabolites are produced continuously within tumors by a process that is independent of exocytotic catecholamine release, which for some tumors occurs at low rates or is episodic in nature ). In addition 70 % of patients with SDHB and SDHD mutations increase methoxytyramine (dopamine) production due to the absence of tyrosine hydroxylase, the enzyme that catalyses the initial and rate-limiting step in catecholamine biosynthesis (van Berkel et al. 2014) . Dopaminergic phenotype can be a good indicator of metastatic disease (Eisenhofer et al. 2012 , Fliedner et al. 2010 . Sympathetic PPGL usually produce significant amounts of catecholamines, whereas parasympathetic PGL can be endocrinologically inactive (Lenders et al. 2005) .
Medullary thyroid cancer (MTC) associated with RET proto-oncogene mutations is a malignancy of the thyroid C cells which can elaborate a number of peptides and hormones, such as calcitonin, carcinoembryonic antigen, and chromogranin A (Busnardo et al. 2006) . Some or all of these markers are elevated in patients with MTC and can be used to confirm the diagnosis as well as to follow patients longitudinally for recurrence (Chen et al. 2010) .
Chromogranins belong to the family of secretory chromogranin and secretogranin proteins. They are found in secretory vesicles throughout the neuroendocrine system where chromogranin A (CGA) is the main component (d'Herbomez et al. 2010) . CGA is the major soluble acidic protein with a molecular weight of 48 kDa (439 amino acids) co-stored and co-released with catecholamines, and can function as a pro-hormone by giving rise to several bioactive peptides (D'Amico et al. 2014) . This protein is the driving force for the biogenesis of secretory chromaffin granules present in the diffuse neuroendocrine system (D'Amico et al. 2014) . High levels of CGA, co-stored and co-secreted with catecholamines, may indicate tumor mass and malignancy in PPGL patients and can be used to monitor response and relapse (Andersen et al. 2011) . CGA is also a valuable complementary biomarker of SDHB-related PPGL. Although non-specific for PPGL, CGA may facilitate diagnostic evaluation of SDHB-related PPGL, especially where the measurement of plasma metanephrines could otherwise be delayed by decreased availability or cost restriction (Zuber et al. 2014) . High levels of CGA at the time of PPGL diagnosis were associated with the presence of metastases according to the histological evaluation of primary PPGL tumors with PASS scoring scale (Thompson 2002) , which is in most cases above four (Szalat et al. 2011) . A value less than 4 out of 20 points supports the benign character of the tumor (Thompson 2002) .
CGA was significantly higher in patients affected by hepatocellular carcinoma (Malaguarnera et al. 2010) , gastroenteropancreatic neuroendocrine tumors (Lawrence et al. 2011) , and in primary and metastatic small intestinal neuroendocrine tumors (Giovinazzo et al. 2013) . Its concentration in circulation is also increased after myocardial infarction, acute coronary syndrome and heart failure (Estensen et al. 2006 , Jansson et al. 2009 ). The cardiovascular complications were observed in nearly 20 % of patients with PPGLs due to increased level of catecholamines (Zelinka et al. 2012) . Problems were observed with falsely elevated CGA levels in patients treated with proton pump inhibitors (Korse et al. 2011) . This effect of proton pump inhibitors (PPI) is fully eliminated after discontinuation of PPI for 2 weeks (Mosli et al. 2012) . Also chronic renal insufficiency can substantially increase the concentration of circulated CGA (O'Connor et al. 1989) .
ROC analysis revealed a threshold of 215 µg/l for chromogranin A with rather low sensitivity (73.9 %) and specificity (74.2 %) in comparison with plasma metanephrines. A weak positive correlation was found between the tumor size of pheochromocytomas and plasma metanephrine (r=0.53, p≤0.05) as well as chromogranin A (r=0.60, p≤0.01) (Unger et al. 2012) .
High diagnostic sensitivity of plasma normetanephrine, metanephrine and methoxytyramine for the detection of PPGL can only be guaranteed using upper cut-offs of reference intervals established with blood sampling under supine fasting conditions (Darr et al. 2014) . Plasma free normetanephrine levels are influenced by age and age-adjusted cut-off values improve diagnostic performance . Several pre-analytical factors, such as exercise, posture, food with substantial quantities of biogenic amines, stress, hypoglycemia and medications may affect test results (van Berkel et al. 2014) .
The Endocrine Society (Lenders et al. 2014) recommends that initial screening for PPGLs include measurements of plasma free metanephrines or urine fractionated metanephrines using liquid chromatography with mass spectrometric or electrochemical detection methods. Liquid chromatography with tandem mass spectrometry (LC-MS/MS) offers numerous advantages over other analytical methods and is the method of choice when measurements include methoxytyramine (Eisenhofer and Peitzsch 2014). LC-MS/MS limit of quantification under 75 pmol/l was achieved for MN, NMN and 3-methoxytyramine using only 150 μl of plasma samples (Adaway et al. 2015) .
The plasma test offers advantages over the urine test, although it is rarely implemented correctly, rendering the urine test preferable for mainstream use (Eisenhofer and Peitzsch 2014). The comparison of results for determination of plasma normetanephrine and metanephrine between LC-MS/MS and enzyme-linked immunoassay (EIA) in diagnosis of PPGLs was unfavorable to the EIA method where the underestimation of MN and NMN was observed (Weismann et al. 2015) . On the other hand, published studies show that plasma free and urinary metanephrines measured by enzyme immunoassays are convenient and reliable parameters for the diagnosis of pheochromocytoma (Brain et al. 2006 , Pamporaki et al. 2013 , Unger et al. 2012 . In a group of 63 patients with histologically-proven pheochromocytoma (52 PHEO and 14 PGL, 14 of the patients had a family history of the disease), a CGA assay was highly efficient in diagnosing pheochromocytomas in the absence of renal insufficiency (d'Herbomez et al. 2007) . A significant positive relationship was demonstrated between tumor mass and serum CGA levels (Bilek et al. 2008 , d'Herbomez et al. 2001 , Giovanella et al. 2006 ). Measurement of plasma free MN and NMN by radioimmunoassay represents an effective alternative to chromatographic determinations with electrochemical or mass spectrometric detection methods. There was found the clinical sensitivity 100 % and specificity 95 % of combined NM and NMN determined by radioimmunoassay in plasma (Pussard et al. 2014) .
In this study we presented our experiences with radioimmunoanalytical determination of plasma CGA, MN, NMN in groups of patients who suffered of PPGLs. Patients with various endocrine disorders other than PPGLs were used as the comparative group.
Materials and Methods

The group of patients
Included in the study were the group of PPGL patients and the comparative group of patients without diagnosis of PPGL. Patients with pheochromocytoma or paraganglioma consisted of 55 patients aged 51±18 A sampling of biological materials was performed preoperatively and about one week, six months and one year after surgery. A blood basal sampling was performed 20 min after the introduction of cannula in supine position. All four collections were conducted in 28 patients (21 PHEO, 1 PGL, 2 NF1, 2 VHL, 1 SDHD, 1 MEN2A+MTC), 3 collections in 8 patients (6 PHEO, 1 PGL, 1 VHL), 2 collections in 6 patients (6 PHEO), and 1 collection taking before surgery was conducted in 13 patients (5 PHEO, 3 PGL, 4 PGL, 1 MEN2B+MTC).
The comparative group consisted of 36 PHEO or PGL patients more than 4 months after adrenalectomy (27 PHEO, 2 PGL, 2 NF1, 3 VHL, 1 SDHD, 1 MEN2A+MTC) and of 87 patients aged 52±19 (7-84) years, 56 females and 31 males without diagnosis of PHEO or PGL (2 MEN2A, 9 MEN2A+MTC, 1 MEN2B, 2 MEN2B+MTC, 9 MTC, 5 with parafollicular carcinoma of the thyroid gland, 8 with secondary hypertension, 20 with adrenal adenoma, 4 with adrenal hyperplasia, 15 with adrenal tumors and 12 patients were without diagnosis).
The investigation was approved by the local Ethical Committee.
Laboratory examination
CGA, MN, and NMN were determined in the EDTA-plasma using a commercially available radioimmunoassay kits. For CGA, a solid-phase two-site immunoradiometric assay was used with primary immobilized monoclonal antibodies and secondary radioiodinated monoclonal antibodies, both directed against sterically remote sites on the CGA molecule (manufacturer Cisbio Bioassays, Codolet, France; code CGA-RIACT). MN and NMN were determined using MetCombi Plasma RIA kit (manufacturer IBL International GmbH, Hamburg, Germany, code RE29111) for quantitative determination of free metanephrine and normetanephrine in human plasma by competitive radioimmunoassay.
Statistics, calculations and modeling
All statistical calculations were made using the computer program NCSS 2004 (Number Cruncher Statistical Systems, Kayville, Utah, USA). The individual points in the time series of the CGA, MN, and NMN examination were interpolated after inverse or logarithmic transformation by the Newton polynomial (Greenbaum and Chartier 2012) programmed up to the 12 th degree using our own program working in Lotus 1-2-3 of the IBM Corporation, USA. Individual curves were counted for all patients with 3 and 4 determinations of CGA, MN, and NMN during more than the annual monitoring of their condition. These curves along with specific values of MN, NMN and CGA are shown in Figures 1, 2 and 3 . For all patients diagnosed with PPGL, the nature of the illness was differentiated in the Figures by solid symbols given in the legend of the Figures. These were patients suffering from PHEO, PGL, SDHD, NF1, VHL, MEN2A with MTC and MEN2B syndromes. Special "empty" symbols were used for patients administered proton pump inhibitors and the same "empty" symbols were used to distinguish 1 patient suffering from chronic renal insufficiency. The curves were modeled so that the concentrations of monitored analytes before the operation were transferred to the Y axis to the 0 time corresponding to the operation on the adrenal gland. The reference range is defined by a transparent rectangle on the curves. The course of the curves in a given reference range was recorded in the part of the Figures labeled with the letter B . The clinical sensitivity of the individual tests for determining MN, NMN and CGA is well evident in this part. The mean curve of the individual analytes consists of patient values for whom concentrations at time 0 were greater than the cut-off value for MN, NMN or CGA is depicted on the Figures in part C. A dashed curve shown here consists of the mean curve to which twice the value of the standard deviation was added. This curve tells us with 95 % probability when the concentration of the individual analytes will return to the normal reference range following the operation. Figure 1 describes the changes in MN concentration in a given time period. It is evident from Figures  1A and 1B that the clinical sensitivity is relatively low for patients with PPGL (55 %), while it is evident from Figure 1A that the clinical specificity is 100 % and Figure 1C shows that a sufficient reserve exists for the reference range with the cut-off value <100 ng/l. MN returns to a normal reference range in an average of 2.5 weeks (Fig. 1C ). Figures 2A and 2B that clinical sensitivity reaches 80 % in PPGL patients and is thus higher than the clinical sensitivity for MN. As with MN, clinical specificity reached 100 % ( Fig. 2A) and NMN returned to a reference interval with a cut-off value of 170 ng/l in 1.5 weeks on average. Figure 3 describes changes in CGA concentration in a given time period. It is evident from Figures 3A and 3B that clinical sensitivity reaches 93 %, which is higher than MN or NMN, but the combined sensitivity of MN and NMN corresponds to a value of 96 % and is thus higher in the given PPGL group than in the case of CGA. As seen in Figure 3A , the clinical specificity was considerably influenced by administering proton pump inhibitors and in one case by chronic renal insufficiency. These results were not included in the clinical specificity calculation since such increased values can be normalized by not administering PPI to patients, or long-term kidney failure must be taken into consideration when interpreting the results as the case may be. Clinical specificity was in this case equal to 98 % with CGA. CGA returned to the normal reference range in average within 2.7 weeks.
Results
All results concerning clinical sensitivity in patients with a PPGL diagnosis, measured before the adrenal gland operation, are shown in Table 1 adrenergic phenotype of patients with diagnosed PHEO (n=6), the noradrenergic phenotype of PGL (n=2), and in one case of the syndromes NF1, MEN2A+MTC, MEN2B+MTC with the adrenergic phenotype. Clinical sensitivity for CGA had a value of 93 % and the test failed in 2 cases of adrenergic phenotype PHEO and in 2 cases of noradrenergic phenotype patients with VHL and PGL syndrome. One patient with a noradrenergic phenotype of PGL had 27 weeks after the operation a CGA value in plasma of 227 μg/l and was diagnosed with developing PHEO. MN and NMN values were in the reference range in this patient, so that in reality the CGA value was correct, but the MN and NMN values did not react to the development of PHEO. Fig. 2 . Part A shows the results of determining normetanephrine (NMN) with specific values determined before the operation and after the operation using symbols describing the type of syndrome of pheochromocytoma (PHEO) or paraganglioma (PGL) patients. The values are linked by the curves calculated using a Newton polynomial of the 12 th degree and a transparent rectangle indicates the reference range. The values and curves in part B correspond to the given reference range. The mean NMN curve taken from patient values for which concentrations at time 0 were greater than the cut-off value for NMN is depicted in part C. A dashed curve shown here consists of the mean curve to which twice the value of the standard deviation was added. Abbreviations: pheochromocytoma (PHEO), paraganglioma (PGL), multiple endocrine neoplasia (MEN), medullary thyroid cancer (MTC), von Recklinghausen neurofibromatosis type 1 (NF1), von Hippel-Lindau syndrome (VHL), succinate dehydrogenase complex -subunit D syndrome (SDHD), and patients treated with proton pump inhibitors (PPI). Table 2 gives all results concerning clinical specificity for both PPGL patients with MN, NMN and CGA values that were included in calculations only in the case that they were determined at least 4 months following the adrenal gland operation and their values were within the normal reference ranges. Table 2 also included results from a comparative group in which no case of PHEO or PGL was diagnosed, although some of these patients had a diagnosis closely related to PPGL. This concerned patients with MEN2A syndrome or MEN2B with MTC or without it, or merely somatic MTC. Patients with parafollicular thyroid carcinoma, with hyperplasia, adenoma or adrenal tumors, with secondary hypertension and, in 12 cases, undiagnosed patients were also included in the group. This concerned a total of 151 analyses. Table 2 gives both cut-off values for MN, NMN, CGA and their mean values, standard deviations, ranges of measured concentration in plasma and the number of PPGL patients diagnose. Clinical specificity has a value of 100 % for MN, 99 % for NMN, 100 % for a combination of MN/NMN and 96 % for CGA. Clinical specificity was 100 % successful for MN; in the case of NMN, the test failed for 1 patient with a diagnosis of MTC without the presence of PHEO; in the case of CGA, the test failed for 4 patients with adrenal tumors, and with 1 patient with adrenal adenoma and 1 patient with adrenal hyperplasia. Fig. 3 . Part A shows the results of determining chromogranin A (CGA) with specific values determined before the operation and after the operation using symbols describing the type of syndrome of PPGL patients. The values are linked by the curves calculated using a Newton polynomial of the 12 th degree and a transparent rectangle indicates the reference range. The values and curves in part B correspond to the given reference range. The mean CGA curve taken from patient values for which concentrations at time 0 were greater than the cut-off value for MN is depicted in part C. A dashed curve shown here consists of the mean curve to which twice the value of the standard deviation was added. Abbreviations: pheochromocytoma (PHEO), paraganglioma (PGL), multiple endocrine neoplasia (MEN), medullary thyroid cancer (MTC), von Recklinghausen neurofibromatosis type 1 (NF1), von Hippel-Lindau syndrome (VHL), succinate dehydrogenase complex -subunit D syndrome (SDHD), and patients treated with proton pump inhibitors (PPI). Correlations between the ascertained AUC (area under curve) logarithmic values and MN, NMN and CGA logarithmic values were sought. A statistically important correlation was only found in the case of NMN and was governed by the following equation: log(mass (g))=-0.8480+0.7579*log (AUC(NMN(ng/l))), p=0.0062, r=0.4662
Discussion
Although PHEO or PGL is a rare tumor of chromaffin cells, it has serious health consequences on the health of afflicted patients. Its familiar occurrence in individuals with a genetic predisposition is even common in young people and it often consists of a bilateral tumor with aggressive biological behavior . Unlike the determination of MN or NMN, the determination of CGA is not influenced by hypertensive drugs, substances and activities affecting biosynthesis and the secretion of catecholamines, but the determination of CGA in administering protein pump inhibitors and in patients with severe renal insufficiency is limited.
In the case of MN, the predictive value of the test failed from a clinical sensitivity standpoint for patients with noradrenergic phenotype. By contrast, there can be a problem with NMN for patients with adrenergic phenotype. In the case of PPGL patients, it is therefore very important to conduct a parallel determination of both MN and NMN. In the monitored group, increased values of CGA, MN and NMN were only found in connection with the PPGL diagnosis, while for patients with MEN syndrome or MTC without the presence of PHEO or PGL, the values were within the reference range.
The advantage of the immunoassay approach is that these methods are common in a clinical-biochemical laboratory and do not require additional expensive instrumentation. Limitations are given by the immunoassay principle in which, owing to interference, the immunological quantity does not have to correspond to the biological activity.
The result of the modeling enabled the course of change to be predicted, provided information on the used reference ranges and enabled a determination of the mean period of the return of MN, NMN and CGA to the normal reference range following the adrenal gland operation. The AUC (area under curve) given in Table 2 provides information on the overall biosynthesis of MN, NMN and CGA during the monitored period. The AUC values should be further examined from a clinical standpoint.
We can conclude that both the combination plasma MN/NMN and plasma CGA as determined by radioimmunoassays, which are simple without the necessity of special laboratory material, are an effective markers of PPGLs. Plasma CGA exerts association to malignity and all markers are associated with tumor mass.
